Cystic fibrosis (CF) patients undergo progressive airway destruction caused in part by chronic neutrophilic inflammation. While opportunistic pathogens infecting CF airways can cause inflammation, we hypothesized that host-derived metabolic and stress signals would also play a role in this process. We show that neutrophils that have entered CF airways have increased phosphorylation of the eukaryotic initiation factor 4E and its partner the 4E-binding protein 1; 2 key effectors in the growth factor-and amino acid-regulated mammalian target of rapamycin (mTOR) pathway. Furthermore CF airway neutrophils display increased phosphorylation of the cAMP response element binding protein (CREB), a major transcriptional coactivator in stress signaling cascades. These active intracellular pathways are associated with increased surface expression of critical adaptor molecules, including the growth factor receptor CD114 and the receptor for advanced glycation end-products (RAGE), a CREB inducer and sensor for host-derived damage-associated molecular patterns (DAMPs). Most CF airway fluids lack any detectable soluble RAGE, an inhibitory decoy receptor for DAMPs. Concomitantly, CF airway fluids displayed high and consequently unopposed levels of S100A12; a potent mucosa-and neutrophil-derived DAMP. CF airway neutrophils also show increased surface levels of 2 critical CREB targets, the purine-recycling enzyme CD39 and the multifunctional, mTORinducing CXCR4 receptor. This coordinated set of events occurs in all patients, even in the context of minimal airway inflammation and well-preserved lung function. Taken together, our data demonstrate an early and sustained activation of host-responsive metabolic and stress pathways upon neutrophil entry into CF airways, suggesting potential targets for therapeutic modulation.
A irway disease is the most common cause of morbidity and mortality in cystic fibrosis (CF), a recessive disease affecting more than 70,000 individuals worldwide (1) . Early, massive, and sustained inflammation by neutrophils is a hallmark of CF airway disease and neutrophil by-products drive disease progression (2) . In particular, human neutrophil elastase (HNE) destroys the elastic fabric of airways and its activity is the best known predictor of CF lung function (3) . Also, neutrophilderived DNA and actin strings spill into mucous secretions and increase their viscosity, a characteristic of CF airway disease that underlies its other common name, mucoviscidosis.
Neutrophils are first-line immune sentinels, endowed with a plethora of receptors and weapons to sense and eliminate pathogens (4) . In CF patients, neutrophils function properly throughout the body, except for the airway lumen where their presence seems to favor, rather than antagonize, chronic infections. Hence, CF airways must provide specific conditions that promote early neutrophil dysfunction (5) . In a xenograft model of human airway development, we observed that before any infection, neutrophils from the mouse host would migrate into and destroy CF, but not non-CF, xenografts (6) ; this evidence further supports a role for host-derived cues in the conditioning of airway neutrophils.
The common view of peripheral neutrophils is that of a terminally differentiated population, with little if any ability to become anabolic and escape the default apoptotic program that they embark on as they leave the bone marrow. However, recent studies have outlined the ability of human neutrophils to modify their transcriptional profile upon migration to organs, likely under the influence of local conditioning by host-derived cues (7) . Indeed, neutrophils are also endowed with the ability to recognize host-derived metabolites and stress signals (8) . Some of these signals, collectively referred to as damage-associated molecular patterns (DAMPs), are emerging as important biomarkers in inflammatory diseases and represent a heterogeneous class of self-proteins that have undergone chemical transition (e.g., oxidation), relocation (e.g., nuclear protein in the extracellular milieu), or other stress-induced modifications (9) .
For a long time, neutrophil dysfunction in CF airways has been equated with necrosis and passive release of elastase, DNA, and actin. However, we established recently by direct ex vivo analysis of airway neutrophils from CF patients that a large fraction of these cells are viable and appear to actively release HNEcontaining granules (10) . We also provided evidence that neutrophils undergo a highly unusual set of surface and intracellular changes suggesting significant functional reprogramming upon their migration to CF airways. Here, we hypothesized that viable CF airway neutrophils would bear the signs of pathophysiological conditioning by endogenous cues such as DAMPs, including significant activation of key metabolic and stress signaling pathways.
To test this hypothesis, we undertook direct ex vivo analyses of CF airway neutrophils focusing on critical intracellular phosphoepitopes and surface molecules associated with metabolic and stress pathways. Our data demonstrate an early and sustained activation of the anabolic mammalian target of rapamycin (mTOR) pathway and the DAMP-/stress-responsive cAMPresponse element binding protein (CREB) pathway upon neutrophil entry into CF lungs. These results shed new light onto neutrophil regulatory pathways and emphasize the importance of host-derived signaling cues in CF pathobiology. tained similar levels of phosphorylated intermediate kinases (Akt, p38 mitogen-activated kinase, p44/42 and cJun N-terminal kinase) and significantly increased their levels of phosphorylated S6 ribosomal protein (S6rp). A final effector in the anabolic mTOR pathway, S6rp can also be activated in mTORindependent fashion (11) . Here, we assembled an independent cohort of CF patients with variable ongoing inflammation, lung function, age, gender, and genotype (n ϭ 20, see supporting information (SI) Table S1 for demographic details) and screened their airway neutrophils, at baseline, for the above epitopes and 4 new ones relevant to the question of stress signaling (see SI Methods). Analytical gating of viable blood and neutrophils was as described previously (10) and illustrated in Fig. S1 .
Results

Direct
Activation of mTOR and CREB in CF Airway Neutrophils. We observed increased phosphorylation within CF airway neutrophils of the eukaryotic initiation factor 4E (eIF4E), a translation apparatusassociated effector and anabolic switch (12) in the mTOR pathway ( Fig. 1A ; median change from blood neutrophils, ϩ24%, see Table S2 for detailed statistics). We also observed increased phosphorylation within CF airway neutrophils of the 4E-binding protein 1 (4E-BP1, Fig. 1B ; median change from blood neutrophils, ϩ68%), an inhibitory binding partner of eIF4E that is itself inhibited by phosphorylation (11) . Phosphorylation of the host stress-responsive CREB transcriptional coactivator (13) was also increased in these cells ( Fig. 1C ; median change from blood neutrophils, ϩ67%). Meanwhile, the cytokine-regulated signal transducer and activator of transcription (STAT) 1 was not detectable in CF airway neutrophils (not shown) while STAT6 was detectable but not significantly modulated compared to blood neutrophils (Fig. 1D) . Data for this new cohort confirmed previous data (10) on Akt, p38 mitogenactivated kinase, p44/42, cJun N-terminal kinase (stable expression, not shown), and S6rp (increased expression, Fig. 1E ; median change from blood neutrophils, ϩ69%).
Modulation of the mTOR-Associated Surface Molecules CD98 and CD114 in CF Airway Neutrophils. The mTOR pathway is the main orchestrator of cell anabolism; responding to nutrient (notably amino acids) availability and growth factor exposure (12) . Extracellular amino acids are in large excess in CF lungs, driving opportunistic bacteria toward auxotrophy (14) . Thus, we tested whether high amino acid levels would drive up expression of CD98, the common heavy chain subunit in heterodimeric amino acid transporters (15) . CD98 expression (Fig. 2 A) was neither up-nor down-regulated on CF airway neutrophils compared to blood neutrophils, unlike previous data in activated macrophages (16) . Next, we assessed modulation on CF airway neutrophils of CD114, receptor for the granulocyte-colony stimulating factor (G-CSF), and a major neutrophil growth factor (17) . CF neutrophils showed strongly up-regulated CD114 expression in airways compared to blood ( Fig. 2B ; median increase from blood to airways, ϩ46%), although G-CSF was detectable in some, but not all, CF airway fluids ( Table 1) .
Modulation of the Receptor for Advanced Glycation End-Products
(RAGE), a Potent CREB Inducer, in CF Airway Neutrophils. The CREB pathway mediates the response to various host-derived stress signals, including DAMPs. A versatile DAMP sensor and CREB inducer (18) is the receptor for advanced glycation end-products (RAGE). We show that RAGE expression is up-regulated on CF airway neutrophils compared to their blood counterparts ( Fig.  2C ; median increase from blood to airways, ϩ291%). We also observed that the soluble form of RAGE (sRAGE), an inhibitory decoy receptor up-regulated in pulmonary injury settings (19) was not detectable in 18 out of 20 CF airway fluids tested, although it was present in high amounts in plasma (Table 1) . Furthermore, the major RAGE inducer S100A12 (5, 20) , also called EN-RAGE, was induced by about 100-fold in CF airway fluids compared to plasma (Table 1) . Another RAGE ligand, S100A4 (8) , was detected in some but not all CF fluids (Table 1) .
Modulation of Inflammation-Associated CREB Targets, CD39 and CXCR4, in CF Airway Neutrophils. Several neutrophil-associated surface effector molecules have been previously shown to crit- Table S1 for detailed statistics). Table S1 for detailed statistics).
ically depend on CREB activation for expression. CD39 is up-regulated in activated myeloid cells via the CREB pathway (21) and is the rate-limiting enzyme in neutrophil autocrine/ paracrine feedback regulatory loops involving purines (22) . Here, we show a strong up-regulation of surface CD39 on CF airway neutrophils compared to their blood counterparts ( Fig.  2D ; median increase from blood to airways, ϩ162%). CXCR4, a CREB target (23) with high expression in both immature young and mature senescent neutrophils that causes their sequestration in the bone marrow (24, 25) , was also highly upregulated on mature, nonsenescent CF airway neutrophils (Fig.  2E) . The median increase in CXCR4 expression as neutrophils migrate from blood to airways (ϩ634%) exceeded that measured for conventional granule activation markers such as CD11b or CD66b (ϩ233% and ϩ545%, respectively; see Table S1 for detailed statistics). Interestingly, CXCL12 (also called stromalderived factor 1), the only known ligand for CXCR4, was detected in some but not all CF airway fluids, with median levels comparable to those in plasma (Table 1) .
Metabolic and Stress Signaling in CF Airway Neutrophils Occurs Early
and Independently of Conventional Disease Predictors. The coordinated set of events described above, featuring increased eIF4E and CREB phosphorylation in CF airway neutrophils and up-regulated surface CD114, RAGE, CD39, and CXCR4 expressions, occurred in all CF patients tested and did not correlate with age, gender, genotype, airway and blood neutrophil count, infection status, and lung function (P Ͼ 0.1 for all) ( Table 1 ). In particular, the presence or P. aeruginosa bacteria in the airways of patients did not influence this phenomenon. We did not find any indication that chronic therapies, some of which have been claimed to modulate neutrophilic inflammation (e.g., Pulmozyme, TOBI, Zithromax, or inhaled steroids as listed in Table  S1 ), had any influence on the induction of mTOR and CREB in CF airway neutrophils. Additional data are required however to study potential correlations within complex combined classes of patients (e.g., with or without P. aeruginosa, combined with specific therapies). Finally, and of significant importance for our understanding of CF airway inflammation, we found that functional CF airway neutrophil subsets defined by high and low CD16 expression (an indication of active HNE release; see Fig.  3 and ref. 10) did not differ in the expression of the above metabolic/stress markers (Fig. S1) . Thus, metabolic and stress signaling occurs right upon entry of neutrophils into CF airways, earlier than HNE release, and is sustained throughout their lifespan.
Discussion
Research on CF airway disease has often focused on mechanisms of epithelial dysfunction and opportunistic infections, relegating the IR, interquartile range defined by encompassing 25th and 75th percentile. Correlations were sought between the fluid measures above and disease predictors. These included age, gender, genotype (homozygous for DF508 mutations, compound heterozygotes harboring one DF508 and one other mutations and patients with other mutations), infection with opportunistic pathogens, ongoing Pulmozyme, TOBI, Zithromax, inhaled steroid treatments, functional expiratory volume in 1 sec (a measure of lung function), neutrophil blood and sputum counts. Differences were calculated between fluid measures in blood and sputum. 6, 10, 28) , support the existence of 4 discrete states of neutrophils, 1 in CF blood (Neu B) and 3 in the airways (Neu A1-3). We propose that host-derived cues such as oxidants, DAMPs, growth factors, and, in the airways, amino acids (AAs) and other metabolites, drive the transition between these discrete states. Pathogen-derived cues mirroring the categories defined for host-derived cues (i.e., pathogen-associated molecular patterns or PAMPs, pathogen-derived metabolites and virulence factors) also impact the biology of Neu A1, A2, and A3 subsets. Early and sustained activation of mTOR and CREB pathways and associated surface molecules is readily detectable in the Neu A1 subset, while active HNE release defines the Neu A2 subset. Both Neu A1 and A2 subsets are viable and thus may be therapeutically targeted to prevent their transition into the dying Neu A3 subset, which passively releases undigested DNA and actin fibers in the lumen.
third hallmark of the disease, neutrophilic inflammation, to a secondary role. Here, we demonstrate that the mTOR and CREB pathways, 2 intracellular cascades responsive to host-derived metabolic and stress signals, are activated immediately upon migration of neutrophils to CF airways. Importantly, these events were readily detectable in patients with low airway neutrophil count and normal lung function. Taken together, our results support a pathological model (Fig. 3 ) that emphasizes the role of host-derived cues in a stepwise, abnormal conditioning of neutrophils entering into CF airways.
The extreme sensitivity of human neutrophils to experimental artifacts make it essential for signaling studies focusing on inflammatory pathologies to rely on cells collected from affected organs and on methods for their direct analysis, as used here. In vivo, neutrophils are exposed to various signals and integrate them into concerted responses, unless signals induce their rapid necrosis. This was believed to occur in CF, until we showed that neutrophils homing to CF airways do, in fact, remain viable, albeit with a highly unusual set of phenotypic changes (10) . These included an active, rather than passive, release of HNE and an increased phosphorylation of the S6rp. S6rp is a conventional effector in the anabolic cascade downstream of mTOR activation, yet it can also be phosphorylated in mTOR-independent fashion (11). Our evidence that CF airway neutrophils activate eIF4E and 4E-BP1, in addition to S6rp, demonstrates an activation of the canonical mTOR pathway in these cells.
Our results are the first demonstration of selective mTOR activation in neutrophils in human disease. The mTOR pathway is an evolutionary conserved anabolic cascade generally associated with long-lived cells and triggered by a range of signals such as amino acids and selected growth factors (12) . In CF airway fluid, free amino acid levels are high due to: (i) high extracellular amino acid production caused by neutrophil-and bacteria-derived proteases, the activity of which is potentiated by redox stress (26) ; and (ii) defective amino acid reuptake, caused by dysfunction of the CF ion channel and downstream transepithelial charge gradient anomalies (27) . Neutrophils are equipped with several heterodimeric amino acid transporters involving the heavy CD98 subunit. Our results demonstrate that CD98 expression, while not up-regulated in CF airway compared to blood neutrophils, still remained detectable, consistent with a role in amino acid uptake (15) . Comprehensive metabolite profiling experiments will be necessary to assess whether extracellular amino acids are indeed the main/sole inducers of mTOR pathway activation in CF airway neutrophils. Alternatively, mTOR pathway activation in CF airway neutrophils may proceed via receptors to anabolic growth factors such as CD114, which indeed was up-regulated in these cells.
The mTOR pathway may not operate in isolation, but rather in concert with other pathways, to deliver prosurvival and anabolic cues to CF airway neutrophils. Since CF features chronic metabolic and redox stresses (28, 29) , we hypothesized that airway neutrophils would display significant activation of the RAGE pathway, a sensor for host-derived DAMPs generated under such stresses. Indeed, CF airway neutrophils demonstrated highly increased RAGE expression, concomitant with decreased levels of the inhibitory decoy receptor sRAGE, as well as high and consequently unopposed levels in the airway fluid of the RAGE ligand S100A12 (Ͼ100-fold up-regulation compared to plasma). S100A12 is believed to derive chiefly from neutrophils (perhaps actively, like HNE; see ref. 10 ) and we found a strong correlation between sputum S100A12 levels and neutrophil count. Airway epithelial cells themselves may release this DAMP into the lumen, as demonstrated in other inflamed mucosae (30) . Other RAGE ligands, such as nuclear high mobility group box protein 1 (31) from dead epithelial cells and neutrophils, may provide additional host-dependent activation of RAGE in CF airway neutrophils.
RAGE is a potent inducer of the stress-responsive CREB pathway (18) and our data demonstrate a specific up-regulation of phosphorylated CREB in these cells. CREB induces several adaptor molecules involved in neutrophil regulatory loops, and we identified 2 such CREB targets, CD39 and CXCR4, as being significantly up-regulated in CF airway neutrophils. CD39 is a critical enzyme that metabolizes ATP into AMP and primes purine-dependent regulatory cascades during various neutrophil effector responses (32) . CD39 up-regulation in CF airway neutrophils is further evidence for an active, rather than passive, role for these cells. This result is also consistent with the recent evidence that purine levels track neutrophil count and CF airway disease (33) .
With regards to CXCR4, the level of up-regulation observed on CF airway neutrophils compared to their blood counterparts is the highest of any of the molecules we have identified so far, including markers of granule mobilization such as CD11b and CD66b (ref. 10 and Table S2 ). CXCR4 is responsible for neutrophil retention in the bone marrow during maturation and upon senescence, and in that context, signaling via the G-CSF receptor CD114 provides the main driving force for CXCR4 down-regulation as needed for mature neutrophils to avoid bone marrow retention (24, 25) . The concomitant up-regulations of CXCR4 and CD114 surface receptors in CF airway neutrophils thus constitute a rather intriguing coexpression pattern. Another potentially important functional interplay is that of CXCR4 with mTOR, the former having been shown to induce activation of the latter in cancer cells (34) .
Interestingly, the only known ligand for CXCR4, CXCL12, was detectable in some but not all CF airway fluids tested. CXCL12 was previously measured in other lung diseases (35) , and its absence in some CF fluids may be linked to high activity of HNE, which can cleave CXCL12 (36) . Whether cleavage products of CXCL12 may retain some bioactivity toward CXCR4 is currently unclear. The absence of full length G-CSF in a large portion of CF airway fluids tested in this study, despite increased CD114 expression on CF airway neutrophils, may follow the same line of explanation since G-CSF can be cleaved by HNE (37) and yet may not be construed as a failure to activate the receptor since cleavage products may retain such bioactivity. Overall, an emerging set of regulatory mechanisms at play in CF airways rely on selective, HNEdependent cleavage of conventional receptor/ligand pairs endowed with neutrophil-tropic effects (10, 38) . Functional mismatches and the emergence of novel functional/signaling modules may ensue, regulating the balance of chronic/acute neutrophilic inflammation and hampering the normal resolution of infections (Fig. 3) .
In this context, it is particularly important to consider that active HNE release by CF airway neutrophils occurs at all stages of the disease and that, as shown here, activation of mTOR and CREB pathways occur in these cells even before HNE release. While only associative at this point, the relation between these active metabolic and stress pathways and HNE release are worth exploring, since extracellular HNE is a key contributor to CF airway disease. Due to the sensitivity of neutrophils to exogenous manipulation, accurate mechanistic studies in vitro are difficult to conduct, but are necessary to confirm the relation between these 2 sets of events.
In summary, we show that the mTOR and CREB pathways, 2 key pathways involved in cellular responses to host-derived metabolic and stress signals, are activated upon migration of neutrophils to CF airways, early on in the disease. Within the context of CF, our results suggest that airway neutrophils are active disease contributors and bona fide therapeutic targets. CF airway neutrophils also emerge as a potential source of dynamic cellular biomarkers that could be interrogated to assess the disease course and, possibly, the effect of new targeted therapies. Such biomarkers, identified in baseline conditions on a limited set of patients, require additional data on large cross-sectional (infants to transplantees) and longitudinal (yearly baseline vs. disease exacerbations) cohorts to ascertain their usefulness as potential tools in clinical settings. More broadly, it is interesting to consider that the reliance on host-derived cues to drive innate immunity has been observed and thoroughly described before in the plant kingdom (39) . In humans, such cues may represent a primary evolutionary layer responsible for the robustness of neutrophilic immunity, notably in contexts where pathogensensing pathways are genetically or functionally debilitated (40) .
Materials and Methods
Human Subjects. This study received the approval of the Stanford Administrative Panel on Human Subjects in Medical Research. All subjects signed informed consent forms before undergoing study procedures. Diagnosis of CF was by documented sweat chloride Ͼ60 mEq/L by quantitative iontophoresis test and/or one or more clinical features consistent with CF and/or preexisting documentation of 2 identifiable mutations. The presence in the patients' lungs of common opportunistic pathogens (as indicated in Table S1 ) was tested by routine sputum culture. Lung function was tested by spirometry using American Thoracic Society criteria.
Collection and Processing of Samples. Blood and airway fluid were simultaneously collected from subjects by venipuncture and sputum induction, respectively. Sputum induction is a minimally invasive, standardized, procedure that was shown by several independent groups to faithfully reflect CF inflammatory lung disease. Since our study focused on characterizing baseline functional and signaling profiles of CF airway neutrophils, we used a protocol for sputum processing that avoids DTT treatment and associated artifacts, as described earlier (10) .
Multiparametric Flow Cytometry. Screening of viable CF airway neutrophils for intracellular and surface adaptor molecules of interest was performed as indicated in details in ref. 10 and in the SI Methods. In brief, cells were stained with the Live/Dead near infrared probe from Invitrogen to assess viability, as well as with fluorescent antibodies from Invitrogen, BD Biosciences, eBioscience and Cell Signaling Technologies, as listed in the SI Methods, online. Cells were acquired on a 4-laser LSRII digital FACS (BD Biosciences).
Fluid Assays. Fluid mediators were measured by specific commercial ELISA kits, including kits against CXCL12, G-CSF, and sRAGE (from R&D Systems) as well as S100A4 and S100A12 (from MBL International), as per the manufacturer's guidelines. Detection limits were 18 pg/ml, 20 pg/ml, 4 pg/ml, 0.25 ng/ml and 50 pg/ml, respectively. Absorbance data were acquired at 450 nm on a Modulus microplate reader (Turner Biosystems).
Analysis and Presentation of Data.
Flow cytometry data were exported to the FlowJo software (Treestar) and compensated using single-stained beads or cells, as detailed elsewhere. Median fluorescence values were calculated and compared to the appropriate background controls. Statistical analysis of flow cytometry and ELISA datasets was performed using the JMP6 software (SAS Institute). Distributions were compared between blood and airway neutrophils using the paired Wilcoxon signed-rank test. Correlations between continuous variables were tested using the Spearman Rho test. Differences in outcome measures following nominal categories (e.g., gender, genotype) were assessed using the unpaired Wilcoxon rank-sum test. Differences or correlations were considered significant with P Ͻ 0.05.
